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Ultra-long-chain fatty acids (ULCFAs) are biosynthesized in the restricted tissues such as retina, testis, and
skin. The conformation of a single ULCFA, in which the sn-1 unsaturated chain has 32 carbons, in three types
of tensionless phospholipid bilayers is studied by molecular dynamics simulations. It is found that the ultra-long
tail of the ULCFA flips between two leaflets and fluctuates among an elongation into the opposite leaflet, lying
between two leaflets, and turning back. As the number ratio of lipids in the opposite leaflet increases, the ratio
of the elongated shape linearly decreases in all three cases. Thus, ULCFAs can sense the density differences
between the two leaflets and respond to these changes.
I. INTRODUCTION
Cellular membranes consist of various types of lipids,
cholesterol, and proteins1. The most abundant lipids are phos-
pholipids, which have a polar head group and two hydro-
carbon tails (fatty acids). From the combinations, diverse
phospholipids (>1,000 molecular species) are biosynthesized
and have numerous structural and functional roles in cells2,3.
Each tail typically contains between 14 and 22 carbon atoms.
Around C22 fatty acids such as arachidonic acid (C20:4) and
docosahexaenoic acid (C22:6, DHA) are called very long-
chain fatty acids (VLCFAs). Moreover, much longer chains
with 32 to 36 carbons with 6 double bonds were found at
the sn-1 position of phosphatidylcholine (PC) in photorecep-
tors, spermatocytes, fibroblasts, and keratinocytes4–6. These
are called ultra-long-chain fatty acids (ULCFAs). Until now,
the biosynthesticmechanisms and biological roles of ULCFAs
containing phospholipids are still unclear.
In cells, fatty acids are activated to acyl-CoAs, which are
esterified to lysophospholipids to form phospholipids. Us-
ing acyl-CoAs as substrates, phospholipids are biosynthesized
by the Kennedy pathway (de novo pathway) and matured
by the Lands’ cycle (remodeling pathway) to generate mem-
brane asymmetry and diversity1,2. ULCFA-CoA is elongated
from DHA-CoA by elongation of very long-chain fatty acid
4 (ELOVL4) and used for the biosynthesis of phospholipid-
containing ULCFA as a substrate. ELOVL4 mutations have
been implicated in Stargardt disease, a type of juvenile macu-
lar degeneration6? . Recently, it was reported that ULCFA is
stored as a precursor of bioactive lipid mediators. Derivatives
of C32:6 and C34:6 are neuroprotective in the retina? . De-
pite these findings, further studies are needed to understand
the importance of these molecules.
Computer simulations have been widely used to study lipid
membranes7–11. Among these approaches, all-atommolecular
dynamics (MD) simulations are a suitable tool to investigate
the detailed interactions between lipids. They can reproduce
the membrane properties well10. VLCFAs have been simu-
lated by a few groups12–16. They have shown that the long tail
is interdigitated into the opposite leaflet12,14,15. However, the
maximum tail length in these studies is C24. Thus, ULCFAs
have not yet been simulated. Since ULCFAs have a longer hy-
drophobic tail, they are expected to interact strongly with the
opposite leaflet. Such an interaction may be relevant to the
ULCFA function in living cells.
In the present study, we examine the conformation of UL-
CFA in a fluid bilayer using all-atom MD simulation. As
ULCFA, dotriacontahexaenoic acid (C32:6) containing phos-
phatidylcholine (dTSPC, C32:6-C18:0) is employed. The
membrane containing the dTSPC is analyzed with other
membrane phospholipids, i.e., distearoyl PC (DSPC, C18:0-
C18:0), stearoyl-DHA PC (SDPC, C18:0-C22:6), or stearoyl-
oleoyl PC (SOPC, C18:0-C18:1). Moreover, we describe
the effects of the difference in lipid density between the two
leaflets. In vesicles, such differences in the lipid density of
two leaflets can induce membrane bending, as described by
an area-difference-elasticity model17,18. We show how this
density difference modifies dTSPC conformation.
II. MATERIALS AND METHOD
A. Membrane systems
The molecular structures considered in this study are shown
in Fig. 1. DSPC (C18:0-C18:0) contains two saturated
stearoyl chains. SDPC (C18:0-C22:6) contains a steroyl chain
and a docosahexaenoyl chain with six double bonds at the sn-
1 and sn-2 positions, respectively. SOPC (C18:0-C18:1) con-
tains a steroyl chain and an oleoyl chain with a double bond
at the sn-1 and sn-2 positions, respectively. dTSPC (C32:6-
C18:0) has an ulta-long sn-1 chain of 32 carbons with six
double bonds and a steroyl sn-2 chain. In this study, we con-
sider a dTSPC molecule inserted into pure DSPC, SDPC, and
SOPC membranes to investigate the conformation of the long
sn-1 chain of dTSPC. A membrane bilayer consisting of 100
lipid molecules per a leaflet was prepared for each membrane
system. The membrane was connected by its periodic images
2FIG. 1. Molecular structures of (a) DSPC, (b) SDPC, (c) SOPC, and
(d) dTSPC.
in the xy plane under the periodic boundary conditions. One
lipid molecule in the upper leaflet was replaced by one dT-
SPC molecule for each pure membrane bilayer. In order to
study the influence of the difference between two leaflets on
the long sn-1 chain of dTSPC, 10 lipid molecules in the up-
per (lower) leaflet were removed in the ’189u’ (’189l’) system.
Four lipid molecules in the upper (lower) leaflet were removed
in the ’195u’ (’195l’) system. Two lipid molecules in the up-
per (lower) leaflet were removed in the ’197u’ (’197l’) system.
Labels 189, 195, and 197 represent the total number of lipid
molecules except for dTSPC. The number of water molecules
per lipid was fixed at 50 in all cases. Details of the mixed
bilayer systems are shown in Table I. The lipids do not flip–
flop to the opposite leaflets on a simulation time scale (the
TABLE I. Model systems used in the present MD simulations.
Model Upper leaflet Lower leaflet Water T / K
DS189u 1 dTSPC, 89 DSPCs 100 DSPCs 9,500 343
DS189l 1 dTSPC, 99 DSPCs 90 DSPCs 9,500 343
DS197u 1 dTSPC, 97 DSPCs 100 DSPCs 9,900 343
DS197l 1 dTSPC, 99 DSPCs 98 DSPCs 9,900 343
SD189u 1 dTSPC, 89 SDPCs 100 SDPCs 9,500 343
SD189l 1 dTSPC, 99 SDPCs 90 SDPCs 9,500 343
SD197u 1 dTSPC, 97 SDPCs 100 SDPCs 9,900 343
SD197l 1 dTSPC, 99 SDPCs 98 SDPCs 9,900 343
SO189u 1 dTSPC, 89 SOPCs 100 SOPCs 9,500 303
SO189l 1 dTSPC, 99 SOPCs 90 SOPCs 9,500 303
SO195u 1 dTSPC, 95 SOPCs 100 SOPCs 9,800 303
SO195l 1 dTSPC, 99 SOPCs 96 SOPCs 9,800 303
SO197u 1 dTSPC, 97 SOPCs 100 SOPCs 9,900 303
SO197l 1 dTSPC, 99 SOPCs 98 SOPCs 9,900 303
flip–flop time is typically hours or days19). This difference
between the lipid number of two leaflets results in the devia-
tion of the lipid density from a stable value even in a tension-
less membrane, as described by an area-difference-elasticity
model17,18. Thus, the lipids in the leaflet with higher density
are more compressed, although a flat membrane connected by
the periodic boundary does not bend because of the symmetry.
B. Molecular dynamics simulations
The CHARMM 36 force field20 and TIP3P water model21
were adopted for lipid and water molecules, respectively.
The system pressure was controlled at 0.101 MPa by us-
ing a semi-isotropic Parrinello-Rahman22. The membrane
was maintained in a tensionless state. The system tempera-
ture in each system is shown in Table I and was controlled
using a Nose-Hoover thermostat23. The van der Waals in-
teractions were truncated within a radius range of 1 to 1.2
nm by using a switching scheme. Electrostatic interactions
were calculated by using the particle mesh Ewald method24.
The DSPC/dTSPC and SDPC/dTSPC mixtures were equili-
brated for 200 ns, which was followed by 800-ns production
runs at 343 K. Since dTSPC is moved more slowly in the
SOPC/dTSPC mixtures at 303 K, twice longer time periods
were employed for the SOPC/dTSPC mixtures: 400 ns for the
equilibration and 1.6 µs for production runs. All MD simula-
tions were performed by using GROMACS version 2016.425.
Initial configurations were generated using CHARMM-GUI
Membrane Builder26,27. Images were visualized using Visual
Molecular Dynamics (VMD) software28.
III. RESULTS AND DISCUSSION
A. Conformation of the sn-1 chain of dTSPC
Figure 2 shows snapshot structures obtained from the
SD189u trajectory. Large conformational changes are ob-
served in the sn-1 chain of dTSPC. In Fig. 2(a), the sn-1 chain
3TABLE II. Transit time of C32 in dTSPC through the lipid bilayer.
Standard deviations are described in parentheses.
lipid ns
DS197u 5.3 (3.4)
DS197l 4.7 (3.6)
SD197u 6.4 (4.9)
SD197l 5.5 (4.3)
SO197u 13.7 (9.0)
SO197l 12.0 (7.8)
is folded, and the C3-C18-C32 angle in sn-1 chain of dTSPC
is approximately 0◦; The terminal carbon atom (C32) is lo-
cated in the upper leaflet, and the z coordinate of C32 is 0.70
nm. Here, the z-coordinate is defined as the unit vector paral-
lel to the bilayer normal, and the origin is taken at the middle
of the lipid bilayer. An L-shaped conformation of the sn-1
chain is shown in Fig. 2(b), where the C3-C18-C32 angle is
approximately 90◦, and the z coordinate of C32 is −0.10 nm.
The C32 atom is located between the upper and lower leaflets.
In Fig. 2(c), the sn-1 chain exhibits a stretched conformation
and C32 is located in the lower leaflet: the C3-C18-C32 angle
is approximately 180◦, and the z coordinate of C32 is −1.15
nm. Thus, the sn-1 chain temporally fluctuates from the upper
leaflet to the lower leaflet and also lies along with the interface
between the two leaflets. The supplementary movie shows the
dynamics of dTSPC in DS189l.
Figure 3 shows the time evolution of the z-coordinate of
the C32 of dTSPC in SD189l and SO189l. The magnitudes of
fluctuation of C32 in SD189l and SO189l are similar to each
other. It fluctuates between z = −2 nm and z = 2 nm in both
cases, indicating that C32 moves across from the membrane
surface to another surface. We estimated the transit time of
C32 to move across the lipid bilayer. Table II shows the aver-
age transit time of C32 to move from an upper boundary to a
lower boundary and vice versa. The upper and lower bound-
aries are defined as z = 1.5 and −1.5 nm, respectively. The
difference between the ’u’ and ’l’ systems is within a statis-
tical error in all cases, suggesting that the transit time is not
significantly affected by the lipid-density ratio between the
two leaflets. Moreover, although the difference between the
DSPC and SDPC systems is small, the transit time in SOPC
is approximately twice as long as those in DSPC and SDPC.
Thus, the sn-1 chain changes from the elongated to turned
states, and vice versa, on the time scale of ∼ 10 ns in all three
types of the lipid bilayers. It is quite fast in comparison with
the flip–flop of the phospholipids between the two leaflets.
B. Distribution of atoms
The distribution of atoms in the sn-1 chain of dTSPC was
calculated along the z-axis. Figure 4 shows the probability
distribution of C3, C18, and C32 atoms of the sn-1 chain of dT-
SPC, phosphate (P) of DSPC, SDPC, and SOPC (see Fig. 1).
The distribution of P in DS189u is similar to that in DS189l as
shown in Fig. 4(a). Similar distributions are observed in the
FIG. 2. Sequential snapshots of the SD189u membrane. The C3-
C18-C32 angle of dTSPC is around (a) 0◦, (b) 90◦, and (c) 180◦.
SDPC molecules are shown in gray, and the gray spheres represent
the phosphate atoms of SDPC. The colored spheres represent the dT-
SPCmolecule. The terminal carbon C32 of the sn-1 chain is depicted
in orange. The other carbon atoms and oxygen atoms are depicted in
cyan and red, respectively. Water molecules are not shown for clarity.
cases of SD189u/l (Fig. 4(b)) and SO189u/l (Fig. 4(c)). These
results indicate that the membrane thickness is not affected
by the lipid-density difference between two leaflets so that the
host lipid bilayer structure is not significantly modified in the
examined range of the density difference.
In contrast, the conformation of the sn-1 chain of dTSPC
is strongly changed by the lipid-density difference between
the two leaflets. The terminal carbon C32 of the sn-1 chain
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FIG. 3. Time evolution of the z-coordinate of C32 of dTSPC dur-
ing MD simulations. The red and green lines represent SD189l and
SO189l, respectively.
is widely located from z of −2 to 2 nm, corresponding with
the conformation fluctuations observed in the snapshots. As
the lipid density relatively decreases in the lower leaflet, this
distribution of C32 largely shifts toward the lower leaflet, on
average 0.36, 0.28, and 0.33 nm in DSPC, SDPC, and SOPC,
respectively, from 189u to 189l. The middle carbon C18 is
located almost at the center of the lipid bilayer. The peak
position of C18 shifts toward the lower leaflet in all cases, as
observed in C32, but the shift magnitude is smaller (average of
0.22, 0.16, and 0.27 nm in DSPC, SDPC, and SOPC, respec-
tively). The distribution of C3 in the sn-1 chain only slightly
shifts toward the lower leaflet in all cases, as the lipid den-
sity relatively decreases in the lower leaflet. Thus, the longer
region (C18 ∼ C32) of the sn-1 chain exhibits larger changes
owing to the lipid-density difference.
To quantitatively investigate the effects of the lipid-density
differences on the dTSPC conformation, we calculated the
normalized z position as a function of the lipid-density differ-
ence as shown in Fig. 5. Positive linear correlations are found
in all cases. From the least-squares fitting, it is found that the
terminal of the sn-1 chain moves to the upper leaflet≃ 0.3 nm
with an increase of 0.1 in Nlow/Nlip. At Nlow/Nlip = 0.5, zC/zP
is almost 0 for C32 in all cases. Thus, C32 is located in the
middle of the lipid bilayer without lipid-density differences
and moves the upper or lower leaflets as the lipid density of
the upper or lower leaflets relatively decreases, respectively.
These conformation changes in dTSPC reduce the lipid den-
sity differences.
C. Order parameters
Lipid order parameters were calculated to investigate the
orientation of the acyl chains. The order parameters SCD are
defined as
SCD =
〈
3cos2 α− 1
2
〉
, (1)
where α is the angle between the C-H bond vector and the bi-
layer normal. The bracket represents the average over time
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FIG. 4. Probability distribution of atoms in (a) DS189u/l, (b)
SD189u/l, and (c) SO189u/l systems. The solid and dotted lines rep-
resent the probability distributions in ’u’ and ’l’, respectively.
and lipid molecules. SCD is experimentally measurable by
deuterium nuclear magnetic resonance? . Figure 6 shows
−SCD calculated for SD189u and SO197u.
First, we describe the order of the host lipids. The overall
order profile of the sn-1 chain of SDPC in the upper leaflet
(blue filled triangles in Fig. 6(a)) is lower than that in the
lower leaflet (green open triangles in Fig. 6(a)). For SD189l, a
higher order is obtained in the upper leaflet (data not shown).
Hence, the sn-1 chain is more disordered in the leaflets with
the lower lipid density. The order of the sn-2 chain of SDPC
is lower than that of the sn-1 chain in both upper and lower
leaflets, since the sn-2 chain has six double bonds. The order
of the sn-2 chain of SDPC in the upper leaflet (orange filled
inverse triangles in Fig. 6(a)) is similar to that in the lower
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FIG. 5. Correlation between the position of C18 and C32 atoms
and the number ratio of lipid molecules in the lower leaflet for (a)
DPSC/dTSPC, (b) SDPC/dTSPC, and (c) SOPC/dTSPC mixtures.
The horizontal axis represents the number Nlow of lipid molecules
in the lower leaflet normalized by the total number Nlip of lipid
molecules. The vertical axis represents the vertical positions zC of
the carbons C18 and C32 of dTSPC are normalized by the position
zP of the phosphate atoms of the host lipids. Error bars are calcu-
lated from the standard deviations of eight time-windows in single
simulation runs. The solid and dashed lines are obtained by the least-
squares fitting.
leaflet (red open inverse triangles in Fig. 6(a)). As shown in
Fig. 6(c), for SO197u, the orders of the sn-1 and sn-2 chains
of SOPC are quite similar in the upper and lower leaflets, be-
cause the lipid-density difference is small. For SO189u/l, a
higher order is obtained for the higher lipid-density leaflet, as
observed in SD189u (data not shown). The order of the sn-
2 chain takes lower value at C9 and C10 owing to the double
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FIG. 6. Order parameter profile −SCD in each leaflet of (a) SDPC
in SD189u, (b) dTSPC in SD189u, (c) SOPC in SO197u, and (d)
dTSPC in SO197u.
bond between C9 and C10.
The longer region of the sn-1 chain of dTSPC exhibits low
order in both the SDPC and SOPC membranes, as shown in
Figs. 6(b) and (d) (blue filled triangles). A similar dependence
is also observed in the DSPC membranes. The order of the sn-
1 chain rapidly decreases to null at C15 and is maintained until
the terminal. Thus, this region of the sn-1 chain is randomly
oriented. It corresponds with the conformation of dTSPC in
the snapshots and the distribution of C32 described above. The
overall order of the sn-2 chain of dTSPC (orange filled inverse
triangles in Figs. 6(b) and (d)) is similar to those of the sn-1
chains of SDPC and SOPC. This is reasonable because the sn-
2 chain of dTSPC is a stearoyl chain, which is the same as the
sn-1 chains of SDPC and SOPC. Thus, the conformation of
the sn-2 chain of dTSPC is not modified by that of the longer
sn-1 chain.
The main difference among the three types of host lipids is
the number of the double bonds, and clear effects appear in the
order profiles. Nevertheless, the conformation of dTSPC ex-
hibits no qualitative differences. A minor influence is found in
the distribution of C32 of dTSPC, as shown in Fig. 4. Different
shapes are obtained between SDPC and the others, whereas
those of C18 and C3 are not. In the SDPC membrane, C32 has
a rounded triangular distribution. In contrast, a small peak or
shoulder shape appears around z ≃ ±1 nm for the DSPC and
SOPC membranes. Because SDPC has six double bonds in
the sn-2 chain, this large number of the double bonds likely
influences the dTSPC conformation. The shoulder position in
the SOPC membrane coincides with the double-bond position
of the sn-2 chain of SOPC. Hence, the double bond of SOPC
might also have a small effect on the dTSPC conformation.
6IV. CONCLUSION
In this study, we have performed MD simulations for dT-
SPC/DSPC, dTSPC/SDPC, and dTSPC/SOPC mixtures to in-
vestigate the conformation of dTSPC. The conformation of
the ultra-long sn-1 chain of dTSPC largely fluctuates in both
leaflets and forms a straight shape deeply interdigitated into
the opposite leaflet, an L-shape bending at the interface be-
tween the two leaflets, and a turned shape where the whole
chain remains in one leaflet. The ratio of these three states de-
pends on the lipid-density difference between the two leaflets.
The sn-1 chain is located at the opposite leaflet more fre-
quently, as the lipid density of the opposite leaflet relatively
decreases. We have clarified the linear relationships between
the position of the sn-1 terminal of dTSPC and the lipid-
density difference in all three types of membranes. The time
scale of the conformational change between the elongated and
turned shapes is ∼ 10 ns. Thus, ULCFA can rapidly respond
to the lipid-density differences to reduce such differences; this
response may be essential for the functions of ULCFAs in liv-
ing cells.
We investigated a single ULCFA molecule embedded in
a fluid membrane consisting of a single type of phospho-
lipid. Biomembranes consist of many types of lipids, and
the two leaflets exhibit different lipid compositions. In the
present study, we found differences in the vertical positions
of the sn-1 terminal between the SDPC membrane and the
others. This difference might indicate that ULCFAs prefer
contact with a specific type of lipid in multi-componentmem-
branes. Additionally, ULCFAs might exhibit specific interac-
tions with membrane proteins via the conformational changes
in the ultra-long chain. Accordingly, further studies are nec-
essary to investigate the conformations of ULCFAs in various
membrane systems.
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